Molybdenum disulfide is a layered transition-metal dichalcogenide semiconductor that is attracting renewed attention for its potential use in future nanoscale electronics, optoelectronics, catalysis, tribology, and other fields. In all of these cases, the interaction between MoS 2 and various transition metals is very important. In this work we survey the thermodynamics of the metal-Mo-S systems and the anticipated reaction products from transition metals and MoS 2 . We examined over 200 references on the reactions between transitions metals (M) and MoS 2 , compiled thermodynamic data, and used the thermodynamic data to predict M-Mo-S ternary phase diagrams for systems without experimentally determined diagrams. Where possible, experimental literature on the interactions between metals and MoS 2 was used to corroborate our predicted diagrams and stable reaction products. Both the previously reported and newly predicted M-Mo-S phase diagrams fall into three categories. In the first category, the metal is in thermodynamic equilibrium with MoS 2 . In another, there is a driving force for the metal to reduce MoS 2 , with tie lines to sulfides of the contact metal dominating the phase diagram. In a final category, there is a very stable solid solution or ternary phase that dominates the phase diagram. Better understanding of the phase equilibria in the M-Mo-S systems will aid research on the use of MoS 2 in a variety of fields.
INTRODUCTION
Molybdenum disulfide is a prototypical layered transition-metal dichalcogenide (TMD) in which interest has recently been renewed with the (re)discovery that a single layer can be isolated and used for a wide variety of purposes. 1, 2 Researchers in areas as varied as electronics, [3] [4] [5] [6] optoelectronics including photovoltaics, [7] [8] [9] tribology (lubrication), [10] [11] [12] catalysis, [13] [14] [15] and others are interested in MoS 2 . Reduced dimensionality results in a number of unusual properties.
Single-layer MoS 2 has an intrinsic direct bandgap of around 1.8 eV, 16, 17 which changes with increased layer number to an indirect bandgap of 1.20 eV to 1.29 eV in the bulk. [18] [19] [20] [21] [22] The electronic properties and reduced dimensionality make single-or fewlayer MoS 2 attractive for field-effect transistors that are largely immune to short-channel effects, have high on-off ratio, and have low switching voltage. 2, 7, 23 Additionally, the ability to control both the spin and valley polarization of electrons makes MoS 2 a material of interest for novel electronic devices. 24, 25 MoS 2 is being researched for use in a variety of nanoscale optoelectronic devices, including sensors, photovoltaics, and others. In all of these applications, efficient transport of charge carriers between metal contacts and MoS 2 is essential for optimal device performance, [7] [8] [9] and research is ongoing. [3] [4] [5] 26 Tribology researchers are investigating a wide variety of nanoscale MoS 2 -transition metal systems for coatings and solid-state lubricants to be used in different environments (high temperature, corro-sive, etc.). 10, 12, 27, 28 The large direct bandgap of single-layer MoS 2 is ideal for the hydrogen evolution reaction, 29 so researchers want to combine various transition metals and nanoscale MoS 2 to create an optimized, high-surface-area catalyst. 13, 30, 31 Catalysis researchers are also looking at two-dimensional (2D) versions of existing hydrodesulfurization materials (MoS 2 with metals such as Ni and Co). 14, 32 In each of these applications, the interaction between MoS 2 and various metals is important because either that interaction alters the primary properties of the system (e.g., wear resistance, catalytic activity, etc.) or MoS 2 is in contact with a metal, and the properties of all phases at the interface are important (e.g., electrical contacts). Essential to all of this work is knowledge of the reaction products resulting from the interaction between MoS 2 and various metals (M). The results in this paper and most of the existing literature reflect bulk systems. While the thermodynamics can be different in systems with reduced dimensionality, knowledge of interactions in bulk systems can inform future research on the nanoscale.
A few papers have experimentally investigated and/or predicted products resulting from the reaction between metals and MoS 2 . Lince et al. performed an experimental study of the reaction between a subset of transition metals (M = Ag, Au, Co, Fe, Mn, Pd, Rh, Ti, and V) and the bulk MoS 2 (0001) basal plane using x-ray photoelectron spectroscopy (XPS). 33 They also compared their experimental results with free energy of formation data for some of the metal sulfides that could form, to see whether reduction of MoS 2 was thermodynamically favored. Similar to the study by McGilp et al. detailed below, they did not consider the formation of all possible low-temperature metal sulfides, but only an abbreviated list. In addition, some of their experiments were complicated by oxidation of the metals, particularly Ti.
Other groups have attempted to use thermodynamic data to predict reactions between metals and MoS 2 . McGilp et al. used thermodynamic data to predict the likelihood of reactions between various metals and a number of semiconductors including MoS 2 . 34, 35 The main shortcoming of their work was that they considered only one seemingly arbitrary M-S phase as the reaction product in each M-MoS 2 system, ignoring all other stable M-S or M-Mo phases. As a result, we came to different conclusions about some systems. Lastly, they did not look at all of the transition metal-MoS 2 systems, but instead looked only at M = Ag, Au, Co, Cu, Fe, Mn, Ni, Rh, Ti, and V.
EXPERIMENTAL PROCEDURES
This study combined thermodynamic calculations with existing experimental literature on reactions to learn as much as possible about transition metalMoS 2 interactions. First, the various structures of MoS 2 are presented. Second, this study describes both the source of the thermodynamic data and the methodology used to calculate the ternary phase diagrams. Lastly, this work shows the three phase diagram types found in the M-MoS 2 systems.
Molybdenum Disulfide Crystallography
Within a single layer, the Mo-S bonds are strongly covalent (as evidenced by the short Mo-S distance), while adjacent layers are held together through much weaker, van der Waals forces, resulting in a van der Waals solid. 36 In the bulk, MoS 2 has two common polymorphs: 2H-MoS 2 and 3R-MoS 2 , the difference between them being the stacking order of S-Mo-S sheets. In both structures, Mo has trigonal-prismatic coordination.
36 2H-MoS 2 has a hexagonal structure in space group P6 3 /mmc and ABABAB stacking order, while 3R-MoS 2 has a rhombohedral structure in space group R3m and ABCABC stacking order. 36, 37 The 3R-MoS 2 structure is metastable, and will transform to 2H-MoS 2 upon annealing at 873 K for around 3 weeks. 38 Most experimental research has been performed on 2H-MoS 2 bulk samples before work began on 2D samples, so unless otherwise noted, all literature summarized below was performed on bulk samples of the 2H-MoS 2 polymorph.
Source of Thermodynamic Data
This study used published thermodynamic data to calculate an isothermal ternary M-Mo-S phase diagram for about half of the transition-metal systems, while the other systems were excluded for the reasons below. In total, 25 M-Mo-S transition-metal systems are discussed herein. We present as much relevant literature for each system as could be found, as well as a ternary phase diagram where possible.
Lanthanum was excluded from the set of transition metals because there is very limited data for the La-Mo-S system and because it is often grouped in the lanthanide series rather than with the transition metals. Group 12 metals (Zn, Cd, and Hg), while d-block metals, are not considered transition metals in this study because they have filled d orbitals. 39 Additionally, they are less likely to be used in MoS 2 -based devices because they have very low melting temperatures and, in the case of Cd and Hg, are toxic.
The Ag, Co, Cr, Hf, Nb, Ni, Re, Ta, Ti, and V systems have reported M-Mo-S ternary phases that are potentially stable at moderate temperatures: AgMo 4 There are no thermodynamic data available for most of the above ternary phases, so phase diagrams were not calculated. Additionally, the Cu and Fe systems both have ternary phases, but published phase diagrams show those phases unstable at temperatures below 873 K. It is unknown whether the ternary phases listed above are stable at low temperatures.
An additional issue to note is the possibility for transition-metal intercalation into MoS 2 , whereby a transition-metal atom diffuses into the van der Waals gap in either an ordered or disordered fashion. This behavior is more energetically favored in other TMDs such as NbS 2 and TaS 2 , but it also occurs in MoS 2 . 59 The filled d z 2 band of Mo in MoS 2 makes accommodating transition-metal species in the van der Waals gaps more difficult because any electron transfer must occur into the higher energy bands. Additionally, the interstitial site in MoS 2 is smaller than the ones in TaS 2 and NbS 2 as a result of their crystal structures, making interstitial accommodation of transition-metal atoms less energetically favorable. 60 As a result, on intercalation, the structure of the individual MoS 2 sheets is often distorted to make additional room in the van der Waals gap.
The ternary M-Mo-S phases can be grouped into four basic categories: MoS 2 intercalates, Mo 6 73, 74 Experimental data for DS f were available for most of the binary intermetallic compounds considered. When it could not be found, DS f was assumed to be zero. This approximation is reasonable given that all of the phase transitions in this work are solid-phase reactions; therefore, the change in entropy on reaction is small when compared with the change in enthalpy.
Of 75 Using all the gathered data, the Gibb's energy of formation (DG f ) for each stable, low-temperature binary compound was calculated for 298 K, using
and can be found tabulated in Appendix Table I .
Transition Metal-MoS 2 Reactions: Review and Thermodynamic Predictions
Ternary Diagram Calculation
The overall process for predicting ternary phase diagrams is (1) determine all possible tie lines in a system, (2) calculate DG rxn per atom for each equation to determine the favored pair of phases, and (3) draw a ternary phase diagram reflecting the favored pairs of phases, as in the work by Schmid-Fetzer and others. 76, 77 A program was written in MATLAB version R2014a to automate this process.
Solid tie lines in the ternary phase diagrams indicate the most energetically favored diagram. When the absolute value of DG rxn was calculated and found to be less than 8 kJ/(mol of atoms) for a set of compounds, the alternative diagram is indicated by dashed lines. 77 Alternative diagrams were found in the Fe, Rh, and Pt systems.
Published ternary phase diagrams were presented mostly for 773 K (Cu, Fe, and W systems), although the Ti diagram was for 1573 K and the V diagram was for 1373 K. Given the solid-state nature of this work and therefore the limited entropic contribution to the overall free energies of formation, it is not unreasonable to assume that a diagram established for a moderate temperature will be similar to one drawn for room temperature. However, one should also note that, in some cases, the stable binary sulfides at an elevated temperature are not the same sulfides that are stable at room temperature, and therefore those diagrams must differ.
Ternary Phase Diagram Types
Both the previously reported and calculated MMo-S phase diagrams fall into three categories. In the first category, the metal and all binary phases are in thermodynamic equilibrium with MoS 2 , being termed MoS 2 dominant. In the next, there is a driving force for the metal to reduce MoS 2 , with tie lines to very energetically favored sulfides of the contact metal dominating the phase diagram, being termed metal-sulfide dominant. In the final category, there is a very stable solid solution or ternary phase that dominates the phase diagram, being termed solid solution/ternary phase dominant. The term ''dominant'' used here means the tie lines converge to a particular phase. Figure 1 depicts graphically which diagram type was found for each M-Mo-S system.
MoS 2 Dominant Diagrams
This ternary phase diagram reflects the thermodynamic equilibrium and resulting tie line between the transition metal and MoS 2 . As a result, no new phases will form on the interaction between M and MoS 2 . A schematic of this type of diagram can be seen in Fig. 2 . The ternary systems of this type are all in groups 8 to 11, including the group 8 metals Fe, Ru, and Os; the group 9 metal Rh; the group 10 metals Pd and Pt; and the group 11 metal Au. Cu also adopts this diagram type per our calculations for room temperature, although the published diagram for 773 K does not.
Metal-Sulfide Dominant Diagrams
The diagrams in this category-those for Mn and Cu (at 773 K)-all have a stable metal-sulfide compound that is dominant, as can be seen in Fig. 3 . In no system did this study find a dominant M-Mo phase.
Solid Solution or Ternary Phase Dominant Diagrams
In three systems (W, V, and Ti), previously published ternary diagrams are dominated by either a solid solution or a ternary phase-W in the former case and Ti and V in the latter. Since no general schematic diagram can be drawn, further informa- 61 and W (773 K). 78 The systems labeled as ''Indeterminate'' lacked sufficient existing thermodynamic data and experimental literature for any conclusions to be drawn. The systems described as ''Reactive, no Diagram'' are systems where experimental literature exists describing reactivity at moderate temperatures, but we could not calculate a ternary phase diagram. tion about those systems is presented individually below.
RESULTS
Below is a description of each system studied, along with either a previously published or a calculated phase diagram where possible. Diagrams determined by this study are compared with experimental studies of the reactions from the literature, typically corroborating the proposed diagrams. Where a phase diagram cannot be presented, a review of the literature pertaining to reactions is still presented since it also sheds light on the types of and kinetics of the reactions. The elements are presented by group to reveal systematic trends across the periodic table.
Group 3: Sc and Y
Scandium The binary Sc-S diagram is not available. Three phases (Sc 2 S 3 , Sc 1:37 S 2 , and ScS) are known, although thermodynamic data are only available for the second. 79 There are no binary ScMo intermetallic compounds. 80 Survey of the literature found no reported Sc-Mo-S ternary phases and no experimental results. Given the limited data available, no diagram was calculated.
Yttrium No binary phases are shown on the Y-Mo phase diagram. 81 Three Y-S phases have been reported in the literature (YS, Y 5 S 7 , and YS 2 ), but no binary phase diagram is available. 82 Insufficient thermodynamic data are available to calculate a ternary phase diagram in the Y-S-Mo system. Additionally, no experimental literature on this ternary system could be found. 58 All four ternary phases show a range of homogeneity. The binary TiMo system shows no intermetallic phases. 83 In the Ti-S binary system, there is a layered and a onedimensional (1D) transition-metal chalcogenide, TiS 2 and TiS 3 , respectively, 37 and many other titanium sulfides. Ti is not in equilibrium with MoS 2 . Various studies have reported high reactivity between Ti and MoS 2 , driven by strong reactivity between Ti and S. 33, 37, 84 Ti films on MoS 2 reacted on deposition without annealing. 37 However, more studies that perform thorough materials characterization are needed to understand the reactions in detail.
Zirconium There is one intermetallic phase (ZrMo 2 ) in the Zr-Mo system 85 and several reported zirconium sulfides. 86 Umarji et al. mentioned in a footnote that they had synthesized the Zr-Mo-S ternary compound Zr 1:2 Mo 6 S 8 and would describe it in further detail in a future publication. 42 Unfortunately, this follow-up publication could not be found. Since all of the metals surrounding Zr in the periodic table form ternary phases, it is likely that Zr will as well. Therefore, Zr has been classified as an unknown phase diagram type.
If the ternary phase is ignored, the resulting calculated diagram is Zr 3 S 4 dominant. [85] [86] [87] No existing literature could be found on the interaction between Zr and MoS 2 , so the predicted phase diagram could not be corroborated.
Hafnium A binary Hf-S phase diagram is not available, although Hf $5 S, Hf 2 S, HfS, Hf 3 S 4 , HfS 2 , and HfS 3 are reported in the literature. 88 The HfMo binary phase digram has only one low-temperature intermetallic phase (HfMo 2 ). 89 The ternary phase Hf 9 Mo 4 S has also been observed and formed readily after 6 h to 24 h at 1850 K. 69 HfS 2 is a layered TMD similar to MoS 2 .
37,69 Both HfS 2 and HfS 3 are very stable phases, with free energies of formation for 298 K that are well below that of MoS 2 [À192 kJ/(mol of atoms) and À189 kJ/(mol of atoms), respectively]. 90 No experimental research could be found regarding the interaction between Hf and MoS 2 . Given the above information, it can be hypothesized that the ternary phase diagram will not likely be MoS 2 dominant, and instead will be dominated either by one of the Hf-S phases or by Hf 9 Mo 4 S.
Group 5: V, Nb, and Ta
Vanadium While some ambiguity exists in the published V-Mo-S ternary phase diagrams experimentally derived for 1373 K by Wada et al., the diagram is dominated by the V 1þx Mo 2Àx S 4 (0 x 2) ternary solid solution. 61 On one end of this composition line is V 3 S 4 , 91 a layered chalcogenide, and on the other is the terminal composition VMo 2 S 4 .
43, 46 Powell et al. and others have carefully explored this solid solution phase to better under- stand a change in the resistivity, whereby a more Vrich material is metallic, while a more Mo-rich phase is semiconducting. 92 This system is characterized as solid solution dominant.
Niobium and Tantalum Nb and Ta have When a very thin film of Cr (1.8 nm and 3.4 nm) was deposited on MoS 2 (0001), reaction was observed both on deposition and as the result of annealing. 100, 101 After thermal evaporation, the Cr reduced a small amount of the MoS 2 and incorporated about 1% S into the metallic Cr layer and formed a more sulfur-rich surface layer ($5%). One or more chromium sulfides were detected via XPS. The study did not determine exactly which phases were formed, nor did it consider the formation of a ternary phase, but most of the Cr was metallic. At the interface between the Cr and MoS 2 , a metallic Mo layer was formed.
After annealing at temperatures 823 K, the Cr layer incorporated more S, and the metallic Mo interfacial layer thickened. As the temperature was increased from 823 K to 923 K, more of the Cr metal reacted with sulfur, producing chromium sulfide(s), although the bulk of the chromium remained metallic. No annealing times were given.
The limited phase diagram by Oshima et al. 49 and the experimental work by Durbin et al. 100 ,101 discussed above show that the full ternary diagram cannot be MoS 2 dominant. More research needs to be done to predict the equilibrium products between few-layer MoS 2 and excess Cr metal.
Tungsten Both W and Mo form very stable, layered TMDs with similar electronic properties (bandgaps that differ by less than 10%), the same structure, and lattice parameters that differ by less than 0:2% in the a lattice parameter and less than 0.6% in the c lattice parameter. 37, 102 As a result, the W-Mo-S ternary phase diagram (in Fig. 4) for 773 K by Moh et al. 78 shows a complete ternary solid solution, (W,Mo)S 2 , whereby tungsten and molybdenum interchangeably occupy the trigonally coordinated site and the sulfur remains in the pyramidal locations. 36 At 773 K, MoS 2 is more stable, so the tie lines between the MoS 2 -WS 2 solid solution and the Mo-W solid solution include a tie line between a very MoS 2 -rich solution and tungsten-rich solution, as shown in Fig. 4 . Therefore, interdiffusion is not expected between elemental W and MoS 2 .
Group 7: Mn, Tc, and Re
Manganese There are only two room-temperature Mn-S and one Mn-Mo phases. 103, 104 The Mn-S system has not been completely experimentally determined because of the low-temperature decomposition of MnS 2 and high reactivity with oxygen. 105 Thermodynamic values for MnS 2 from Ref. 105 were used to calculate Fig. 5 . The value for the free energy of formation of Mn 5 Mo 4 was taken to be À1 kJ/ (mol of atoms) instead of using Miedema's estimate, because the estimate for the compound is þ7 kJ/ (mol of atoms); no data were available on the en- tropy of formation, and the phase is accepted as stable on the binary phase diagram.
The sulfide, MnS, is dominant, so Mn reduces MoS 2 . The calculated ternary phase diagram is consistent with experimental data. Lince et al. thoroughly studied the interaction between Mn and MoS 2 as a function of annealing temperature using XPS. They reported that, on deposition, some fraction of the Mn metal reacted to form various Mn-S phases. 106 On annealing to 770 K, the Mn-S/ metallic Mo overlayer continued to grow, and S vacancies formed in the MoS 2 substrate (no annealing times were presented). Some of the Mn remained unreacted until annealing at higher temperatures (850 K to 1040 K). The study looked for and found no ternary Mn-Mo-S phases.
The experimental literature and our thermodynamic calculations agree that Mn and MoS 2 will react at moderate temperatures. This reaction results in a combination of MoS 2 , MnS, Mo, Mn 5 Mo 4 , and Mn, depending on the ratio of elements that are present.
Technetium The Tc-Mo diagram is available, 107 but the Tc-S diagram is not available and thermodynamic data for those phases could not be found. 108 Also, no reports of experimentation in the Tc-Mo-S system are reported in the literature. Rhenium A binary Re-Mo diagram has been published, 109 but no Re-S diagram exists. There is one known ternary phase (the Chevrel phase Re 4 Mo 2 S 8 55 ). Research into Re doping of MoS 2 revealed that Re inclusions (which are common in some natural molybdenite deposits) stabilize the 3R-MoS 2 polymorph. 38 Tiong et al. published a series of papers on the Re-MoS 2 reaction and found that the inclusion of very small amounts of Re ( < 1%) changed the stacking order of the S-Mo-S layers on formation at 1223 K, which stabilized the 3R-MoS 2 structure as opposed to the typical 2H-MoS 2 polymorph. 110 The substitution of Re 4þ ions on the Mo 4þ sites in the natural mineral molybdenite caused distortion of the structure. 111 41 Raghavan stated in his book that ''the present status of understanding of the ternary phases of this system is clearly not satisfactory and there is need for further study.'' 113 The available experimental literature disagrees as to which binary or ternary intermetallic phases form upon the interaction between thin Fe films and MoS 2 at high temperatures. 33, 63, [115] [116] [117] However, none of the available literature reported reactivity between Fe and MoS 2 at or below 773 K, which is reflected in the published diagram (shown in Fig. 6 ). 113 (Our calculation of the Fe-Mo-S ternary phase diagram at 773 K agreed with the published diagram as MoS 2 dominant.)
The Fe-Mo-S diagram calculated for room temperature by this study also showed a MoS 2 dominant structure, although the diagram has some uncertainty reflected by the dashed (alternate) lines. However, the free energy of reaction for MoS 2 þ 4Fe ! FeS þ Fe 2 Mo [À7:4 kJ/(mol of atoms)] is barely less than our threshold value [À8 kJ/(mol of atoms)] for acceptance without a caveat, and the thermodynamic values for all the compounds involved in that calculation are not estimations but instead are from the literature. The only difference between the room temperature and 773 K diagrams is the inclusion of four additional Fe-S phases that are not stable at 773 K, as shown in Fig. 7 . 118 We do not expect the type of diagram to change between room temperature and 773 K.
Ruthenium and Osmium Phases from the relevant binary phase diagrams were used to calculate the two ternary phase diagrams shown in Figs. 8  and 9 . [119] [120] [121] [122] Unfortunately, this study found no literature on the interaction between MoS 2 and either Ru or Os, and therefore it was not possible to corroborate the calculated diagrams.
Group 9: Co, Rh, and Ir
Cobalt A number of Co-S and Co-Mo phases exist (CoS 2 , Co 3 S 4 , Co 9 S 8 , Co 7 Mo 6 , and Co 3 Mo). [123] [124] [125] Two ternary phases are known (CoMo 2 S 4 and CoMo 3 S 4 ) but are difficult to form. 41, 46 If one ignores the two ternary phases and calculates a ternary phase diagram, the calculated diagram is MoS 2 dominant. We show no diagram because the temperatures at which the ternary phases are stable are not known.
No reaction between MoS 2 and Co has been seen below $800 K in the experimental literature. Early literature found no reaction when an 80% Co-20% MoS 2 mixture was heated to a temperature of 1073 K. 126 In later studies, upon e-beam evaporation, one monolayer of Co was metallic and did not form Co-S bonds until annealed to 790 K; similarly, when deposited via pulsed laser, the adatoms had sufficient energy to remove some S from the MoS 2 surface, but the Co remained metallic. 127, 128 The liberation of some S was postulated to be due only to the bombardment of the substrate with energetic species, as had been seen in earlier studies of Ar-ion bombardment of MoS 2 . 129 In general, both studies found Co and MoS 2 to be unreactive at room temperature. This conclusion is consistent with the calculated free energy of formation at room temperature of the various Co-S phases-they are all greater than À50 kJ/(mol of atoms), which is much less negative than for MoS 2 .
In both articles, on annealing at $800 K for 3 min, metallic Mo formed, and the Co changed electronic configuration and had reduced metallicity. This indicated Co-S bonding, potentially forming CoS (a phase stable above 733 K). 123 Additionally, when annealed to high temperature, the Co-rich overlayer agglomerated, and uncovered metallic Mo. Therefore, Co is reactive with MoS 2 at higher temperatures, even though it may be unreactive near room temperature.
Rhodium The Rh-S and Rh-Mo binary phase diagrams both contain multiple low-temperature intermetallics. 130, 131 The phase diagram seen in Fig. 10 was calculated using the sources described in the methodology section as well as an article specifically on Rh-S phases. 72, 73, 132 While included on some Rh-S phase diagrams, RhS 2 has been excluded in this work because there is controversy over its existence as a separate phase and because no thermodynamic data could be found. 132, 133 A number of phases that are predicted to be unstable by only a narrow margin are presented as well, which, if stable, would result in diagrams with a number of different tie line configurations. This is because reactions of the form MoS 2 þ Rh a S b Ð Rh c S d þ Rh x Mo y have low free energies of reaction (positive or negative). The only experimental work that could be found on Rh-MoS 2 interactions reported no reaction between MoS 2 and Rh upon roomtemperature deposition of a few to 10 nm of Rh. 33 Therefore, the Rh-Mo-S diagram is probably MoS 2 dominant, but it could have mixed dominance.
Iridium The binary Ir-S diagram is not available, the list of phases is not agreed upon, and the available Ir-Mo diagram does not contain any information below 1473 K. 134 This study could not find any reference of any Ir-Mo-S ternary phases, nor any experimental exploration of the ternary system in the literature. Additionally, thermodynamic data could not be found for many of the phases. Therefore, no phase diagram was calculated.
Group 10: Ni, Pd, and Pt
Nickel Both the Ni-S and Ni-Mo diagrams contain many binary intermetallic compounds (NiS 2 , Ni 3 S 4 , NiS, Ni 9 S 8 , Ni 3 S 2 , Ni 2 Mo, Ni 3 Mo, Ni 4 Mo, Ni 8 Mo at room temperature). 135, 136 A ternary Chevrel solid solution phase also exists, Ni 2 Mo 6 S 8 . 54, 137 Insufficient data were available to calculate a ternary phase diagram.
Multiple studies have seen no reaction of Ni upon deposition onto MoS 2 . 138, 139 Of particular note is the study by Papageorgopoulos, where a Ni-coated MoS 2 film was annealed for 2 min at a variety of temperatures. Below 600 K, no interaction between the two materials was detected. Between 600 K and 800 K, they saw evidence of partial Ni diffusion into MoS 2 , while at higher temperatures, they saw agglomeration of the remaining surface Ni and continued diffusion of the Ni within the MoS 2 . Further work by this group looked at Auger depth profiles of Ni-coated MoS 2 . Each cycle consisted of a few monolayers of Ni metal being deposited and the sample being heated to 1200 K for a few minutes. That deposition/annealing cycle was repeated 20 times. The depth profiling showed no significant variation in Ni concentration as a function of depth: the Ni diffused evenly through the MoS 2 within the thickness they probed 63 and may have intercalated. Palladium The binary phase diagrams along with the thermodynamic data sources mentioned above and the work by Zubkov et al. on Pd-S compounds were used to calculate the ternary Pd-Mo-S diagram shown in Fig. 11 . [140] [141] [142] The diagram calculated in this study found palladium metal as well as a number of palladium sulfide compounds in equilibrium with MoS 2 and, therefore, a MoS 2 dominant diagram. The lack of reaction between palladium and MoS 2 predicted by this study is reflected in the literature.
A number of studies of very thin Pd layers atop both single-layer and bulk MoS 2 found no reaction: in the former case, 2 nm of Pd was found to fully wet but not react with a single-layer substrate upon deposition, and, in the latter, deposition of extremely small quantities (less than a monolayer) of Pd at 493 K formed epitaxial clusters. 26, 143 Kamaratos et al. 63 studied the diffusion of Pd at high temperatures through MoS 2 in the c-direction, and found that it intercalated between the S-Mo-S layers. They induced this effect by first depositing a few monolayers of Pd on the MoS 2 (0001) surface and then heating to high temperatures (1200 K) for 20 min. This heat treatment was repeated 20 times. The depth to which Pd diffused was not established, but the concentration smoothly decreased with penetration depth in the c-direction. They used this information to report the lack of formation of any Pd-based intermetallic phases and assumed the Pd intercalated, although their application of Auger electron spectroscopy cannot conclusively confirm that claim. Platinum Both Pt-S and Pt-Mo binary intermetallic compounds exist. 144, 145 Our calculations show that four Pt-Mo and a Pt-S phases, as well as metallic platinum, are in equilibrium with MoS 2 , resulting in Fig. 12 . There is some uncertainty in the Pt-Mo-S system; therefore, the dashed lines indicate a less likely Pt-Mo-S diagram that has mixed dominance.
The calculated equilibrium between MoS 2 and Pt is consistent with the literature. Hofmann et al. studied the deposition of thin-film MoS 2 onto bulk Pt metal by metalorganic chemical vapor deposition. Inert gas carried H 2 S and Mo(CO) 6 for deposition onto Pt heated to 623 K. The study reported no reaction between the two, and incomplete coverage of the Pt by MoS 2 , but they performed limited characterization. 146 Similarly, Pt electrochemically deposited on MoS 2 agglomerated. 147 XPS of the surface detected signal for Pt and MoS 2 but no other phases, suggesting a lack of reaction.
Group 11: Cu, Ag, and Au
Copper The Cu-Mo-S ternary phase diagram has been explored at and above 773 K. 148 At 773 K, the diagram is dominated by Cu 2 S as seen in Fig. 13 , but the diagram for 873 K shows the ternary phase Cu x Mo 3 S 4 with a wide phase field in Cu, Mo, and S. 137, 148, 149 Cu 2 S, the dominant Cu-S phase at 773 K, is not stable below 348 K; 150 therefore, the phase diagram shown in Fig. 13 cannot reflect the equilibrium ternary phase diagram for room temperature. [150] [151] [152] On trying to reproduce the 773 K Cu-Mo-S diagram, a MoS 2 dominant diagram was calculated, in contrast to the Cu 2 S dominant diagram found in the literature. However, the Gibbs free energies of reaction are very small when comparing competing tie lines.
We also calculated the Cu-Mo-S ternary phase diagram for room temperature and found that it is not metal-sulfide dominant; it is predicted to be MoS 2 dominant, as can be seen in Fig. 14 . 150, 152, 153 Given the dramatically different diagrams at 773 K and 298 K and the large number of stable phases and invariant reactions seen in this system at moderate temperatures, additional study is necessary to determine the equilibrium phases at other temperatures.
Silver Only one Ag-S binary compound exists (Ag 2 S), and there are no intermetallic phases and low miscibility in the Ag-Mo system. 154, 155 Two AgMo-S ternary compounds have also been reported-AgMo 4 S 5 and AgMo 6 S 8 40-42 -and therefore a ternary phase diagram could not be calculated for this system.
The earliest studies in this system saw no reaction in a mixture of 20% Ag in MoS 2 up to the melting point of Ag. 126 Work by Souder et al. in 1971 used a radioactive tracer to show the diffusion of Ag into MoS 2 on annealing. At temperatures of 673 K to 873 K for 5 min, they reported that the Ag diffused into spaces between the MoS 2 layers but found no detectable diffusion in the lateral direction (parallel to the layers). 156 The study did not try to determine the stoichiometry or crystal structure of any resulting phases. 148 The phase noted as Cu 2 S is actually a cubic solid solution ranging from Cu 2 S to Cu 1:8 S. 157 Given the experimental research, the Ag-Mo-S system is described as reactive because it has been shown experimentally to react at very moderate temperatures (400 K) when annealed for an unknown time, and it is possible that it would also react at room temperature if annealed for long enough.
Gold Both the Au-Mo and Au-S binary systems show large miscibility gaps with limited solubility and no binary intermetallic phases. 158, 159 No ternary phases are known. Therefore, gold must form a phase diagram with a tie line between MoS 2 and Au (Fig. 15) . The Au-Mo-S phase diagram is categorized as MoS 2 dominant but could just as easily be categorized as Au dominant.
Lack of reactivity in the Au-MoS 2 system has been confirmed in multiple studies of Au atop both bulk and few-layer MoS 2 . 33, 160 In a 2013 study by Gong et al., a 2-nm Au film did not react upon deposition atop single-layer MoS 2 , and did not fully wet the substrate. 26 Therefore, the phase diagram and experimental literature agree that Au does not react with MoS 2 at moderate temperatures.
DISCUSSION MoS 2 Dominant Diagrams
Eight systems-Fe, Ru, Os, Rh, Pd, Pt, Cu, and Au-have room-temperature calculated diagrams which reflect MoS 2 dominance. Solid solubility could occur in some of these systems, but it is not addressed here for lack of information.
All of these elements are from groups 8 to 11 and have a d subshell that is more than half full (in contrast to groups 4 to 7, where no element has a d subshell containing more than five electrons). Some of these elements form ternary Chevrel phases, but they are absent from the reported ternary phase diagrams for moderate temperatures (Cu, Fe).
The singular feature of this diagram type is the tie line connecting MoS 2 with the transition metal, indicating that, for any ratio between the two, no new phases will form. However, some metals may intercalate, particularly at high temperatures (Ni, Pd).
Metal-Sulfide Dominant Diagrams
Mn and Cu (at 773 K) have metal-sulfide dominant diagrams. Each dominant sulfide has an energy of formation per atom À 100 kJ/(mol of atoms) compared with À88 kJ/(mol of atoms) for MoS 2 at room temperature. Given these highly favored compounds, it is not surprising that they would form at the expense of MoS 2 .
All of the experimental work examined reactions between excess MoS 2 and a limited supply of metal. Inspection of all of these ternary phase diagrams places such a sample in a three-phase region where Mo metal and a dominant metal sulfide (MnS or Cu 2 S) are in equilibrium with MoS 2 . When that reaction reaches completion, all of the metal will have been consumed in the formation of the appropriate sulfide, while liberating Mo metal. The excess MoS 2 will remain unreacted. This has been experimentally observed in both systems.
On the other hand, the reader should note that a sample with excess metal, as is the case when tens of nanometers of metal react with a few layers of MoS 2 , will not result in the same equilibrium phases. In a sample containing excess metal, the equilibrium phases will be MnS, Mn 5 Mo 4 , and Mn; and Mo, Cu 2 S, and Cu, respectively.
Solid Solution or Ternary Phase Dominant Phase Diagrams
For metals from groups 4 to 6, only three diagrams could be presented because a published ternary diagram was found (Ti, V, and W). The diagrams are all either solid solution or ternary phase dominant. Both W and V have a dominant ternary solid solution on their respective ternary phase diagrams. 61, 78 Ti, on the other hand, displays a dominant ternary phase that is in equilibrium with MoS 2 . 58 
Indeterminate Phase Diagrams
The presence of ternary phases prohibits us from calculating M-Mo-S ternary phase diagrams for M = Zr, Hf, Nb, Ta, Cr, Re, Co, Ni, and Ag, but reviewing the literature available for those systems can still inform future study.
Most of the early group transition metals (groups 4 to 7) form both layered binary dichalco- 162 Also, V, Nb, Ta, and W all show complete binary solid solubility with Mo. 70 Where experimental literature exists, all of these systems show evidence of reactivity.
Ternary phases are known or predicted to form in all of the group 4 to 7 systems, except Mn (ternary phase not reported), Tc (no literature), and W [which forms a (Mo,W)S 2 solid solution].
There is experimental evidence of reactivity at moderate temperatures in the Nb, Ta, Cr, and Ag systems. In contrast, in the Ni and Co systems, reaction was not seen below 600 K and 800 K, respectively, although it is unclear whether thermodynamic equilibrium was reached in either study.
CONCLUSIONS
The reaction products resulting from interaction between the transition metals and MoS 2 have been determined by calculating and compiling ternary phase diagrams, and then carefully comparing those results with the experimental literature on reactions. A few trends became evident: While the desired equilibrium products or diagram type depends on the intended application, knowledge of the anticipated equilibrium phases provides valuable insight to use when designing experiments in a variety of fields.
